Abstract: Although rituximab-based chemoimmunotherapy prolongs the survival of patients with follicular lymphoma (FL), this disease is considered incurable in most patients. Thus, new therapies are needed not only for those in the relapsed/refractory setting, but also for initial treatment. Obinutuzumab (G, GA101) is a third-generation, fully humanized type II glycoengineered, anti-CD20 monoclonal antibody that results in increased direct cell death and antibody-dependent, cell-mediated cytotoxicity/phagocytosis compared to rituximab. Obinutuzumab has significant antitumor activity when used alone or in combinations in untreated or relapsed refractory FL patients. Studies have demonstrated its ability to prolong progression-free survival and, in some cases, overall survival, and to eliminate minimal residual disease. Several ongoing trials are investigating combinations with chemotherapy, immunomodulators, targeted drugs, and immunotherapy agents. G is generally well tolerated, with associated adverse effects including infusion-related reactions, neutropenia, thrombocytopenia, and reactivation of hepatitis B virus. Future studies with this antibody should focus on identifying predictive markers and developing chemotherapy-free combinations that will improve the outcome of patients with FL.
Introduction
The improved survival of patients with follicular lymphoma (FL) has resulted from the incorporation of rituximab (Genentech, Inc., South San Francisco, CA, USA) into chemoimmunotherapy regimens. However, not all patients benefit from such approaches. Recent studies suggest that patients who fail to maintain a remission of 1 year, 2 years, or 30 months have a significantly inferior outcome to those who do not experience an event. [1] [2] [3] Twenty percent of patients with FL relapse within 2 years of treatment have an inferior 5-year overall survival (OS) of 50% compared to 90% for patients who did not relapse early. Nevertheless, the disease is considered incurable in most patients. [4] [5] [6] [7] Patients typically experience multiple relapses and eventually develop resistance to treatment, often including rituximab. 8 Numerous mechanisms of rituximab resistance have been hypothesized, including decreased cellular penetration, impaired rituximab binding (via FcγRIII polymorphisms), downregulation of CD20, increased rituximab metabolism, resistance of tumor cells to rituximab-effector mechanisms, impaired immune effector cell recruitment or function, and complement depletion and downregulation of proapoptotic proteins. [9] [10] [11] [12] The poor outcome of rituximab-refractory patients has led to a search for more effective agents to improve patient outcome, including monoclonal antibodies (mAbs).
For an antibody to establish a place in current strategies, it should either be more active than rituximab, be effective in the setting of rituximab resistance, or prolong survival when given as maintenance.
MAbs against CD20 are divided into two classes: type I (i.e., rituximab, ofatumumab [ 13 Upon binding, type I antibodies induce a translocation of CD20 into large lipid rafts within the plasma membrane, which does not occur in type II antibodies.
14 This event boosts complement activation and results in high complementdependent cytotoxicity (CDC) in type I antibodies, whereas type II antibodies have low CDC induction. 15 Internalization of CD20 antibody complex after binding of rituximab results in decreased effector cell recruitment and antibody half-life whereas type II mAbs demonstrate minimal CD20 internalization. 16 Only half as many type II antibodies bind per B-cell as type I mAbs. 13 The biological implications of this finding are unknown.
Multiple other second-generation anti-CD20-directed mAbs have been developed. Ofatumumab is a type I mAb with greater CDC compared with rituximab, and it detaches more slowly from CD20. 17 It was first approved in patients with chronic lymphocytic leukemia (CLL) who were refractory to alemtuzumab and fludarabine (Ben Venue Laboratories, Bedford, OH, USA). 18 Ofatumumab demonstrated minimal single-agent activity in rituximab-refractory FL. 19 In a randomized, multicenter Phase II study of ofatumumab, Rosenbaum et al randomized 51 patients with untreated FL to either 500 mg (n=15) or 1000 mg (n=36) four weekly doses followed by an extended induction phase with four additional doses of ofatumumab every 8 weeks. 20 The overall response rate (ORR) was 86.7% and 60% in 1000 and 500 mg arms, respectively, suggesting a dose-response effect. 20 Given that ofatumumab appears to result in higher infusion-related reactions (IRRs) and neutropenia compared to rituximab, it has not been pursued extensively in this setting. 21 Ublituximab is a type I, glycoengineered anti-CD20 recombinant mAb with significantly enhanced antibodydependent, cell-mediated cytotoxicity (ADCC) compared to rituximab, in in vitro studies of CLL cell lines. 22 This mAb was investigated in a Phase I/II trial in 35 patients with B-cell nonHodgkin lymphoma (NHL; FL: 12 patients) and CLL (8) with prior rituximab treatment. 23 In the FL cohort, ORR was 42%
(two complete responses [CRs] and three partial responses [PRs]). All patients had one or more adverse events (AEs) including 40% IRR and at least one grade 3-4 AE reported in 49% of patients. Multiple clinical trials with ublituximab alone or in combination with other agents are ongoing. Anti-CD20s no longer in development include Veltuzumab which is a second-generation humanized anti-CD20 mAb and, in vitro, functions similarly to rituximab; however, it has a framework region that differs from rituximab. 24 Veltuzumab achieved an objective response rate of 44% in 82 patients with relapsed, refractory FL. 25 PRO131921 is a third-generation humanized anti-CD20 antibody with increased ADCC compared to rituximab. 26 In a Phase I trial in relapsed or refractory CD-20-positive indolent NHL (iNHL), a 50% response rate was achieved in rituximab-refractory FL patients. AME-133v (Mentrik Biotech, LLC., Dallas, TX, USA), an engineered humanized IgG1 mAb against CD20, demonstrated increased preclinical ADCC activity compared to rituximab. 27 In a Phase I study of 23 previously treated patients with FL, there were CRs in two (9%) and PRs in three (13%).
Obinutuzumab

Mechanism of action
Obinutuzumab (G, GA101) is a third-generation, type II, glycoengineered, humanized, anti-CD20 mAb of the IgG1 isotope. 28 Fc domains are engineered to improve its therapeutic activity, specifically in patients who express low-affinity Fc receptors on the immune cells. 29 Many of the mechanisms of action of obinutuzumab appear distinct from those of rituximab. The different elbow-hinge amino acid sequence and 30° wider elbow angle of obinutuzumab compared to a type I mAb such as rituximab results in spatial alterations of the CD20-mAb complex on B-cells. 28, 30 Furthermore, posttranslational glycoengineering of type II mAbs enhances binding affinity to the FcγRIII receptor on immune effector cells and results in increased direct cell death and ADCC/ antibody-dependent, cell-mediated phagocytosis (ADCP). 31 Obinutuzumab binds CD20 in a different orientation than type I antibodies, despite identifying an overlapping epitope. It is hypothesized that the different binding topology of this class causes the two Fab arms to bind within one tetramer, whereas type I mAbs bind different tetramers with each Fab arm. Per this hypothesis, this binding type in obinutuzumab increases ADCC. 13 As the result of homotypic cell aggregation, obinutuzumab induces direct non-apoptotic cell death to a greater extent and at a faster rate than either rituximab or ofatumumab. [32] [33] [34] Blood and Lymphatic Cancer: Targets and Therapy 2017:7 submit your manuscript | www.dovepress.com
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Preclinical studies
Obinutuzumab was found to have enhanced direct and immune effector cell-mediated cytotoxicity in whole-blood B-cell depletion and cellular assays compared with rituximab. 28 Higher antitumor and B-cell-depleting activities of obinutuzumab were demonstrated in human lymphoma xenograft models and nonhuman primates. Similar preclinical findings were reported when obinutuzumab was compared to rituximab and ofatumumab in vitro and in xenograft models. 34 Induction of direct cell death and ADCC were superior with obinutuzumab, whereas CDC and internalization rate were less. Moreover, obinutuzumab controlled tumor progression in rituximab-pretreated animals unlike rituximab and ofatumumab.
Obinutuzumab has demonstrated greater antitumor activity both as a single agent and in combination with cyclophosphamide (Baxter Healthcare Corporation, Deerfield, IL, USA) when compared to rituximab in xenograft models of human FL. 35 The two mAbs were compared as single agents and in combination with B, fludarabine, chlorambucil, or cyclophosphamide/vincristine (Hospira, Inc., Lake Forest, IL, USA) in xenograft models of human lymphoma and, similar to prior investigations, obinutuzumab had greater antitumor activity. 36 Based on preclinical data demonstrating the potential clinical efficacy of obinutuzumab, clinical trials were designed to investigate this mAb in the treatment of lymphoid malignancies.
Pharmacokinetics
Pharmacokinetic data from two early phase studies of obinutuzumab monotherapy in iNHLs were utilized to determine the therapeutic dose in subsequent trials. In the Phase I GAUGUIN study, obinutuzumab was dosed every 3 weeks for eight 21-days cycles for a total of nine infusions. 37 Patients received obinutuzumab in a dose-escalating algorithm (first dose/assigned dose). The first four cohorts received 50% of assigned dose in the first infusion which was followed by the full dose in the proceeding eight treatments (Dose 1-4: 50/100, 100/200, 200/400, 400/800 mg). Patients in cohorts 5 and 6 received obinutuzumab at higher doses of 800/1200 and 1200/2000 mg as no dose-limiting toxicities were reported. The highest loading dose of 1600 mg was given to cohort 7 on days 1 and 8 and was followed by 800 mg in the next cycles. Cohort 7 was different as based on the preliminary pharmacokinetic analysis revealing a fast drop in antibody level after first infusion, a higher loading dose of 1600 mg was administered at first and was followed by 800 mg in the following cycles. Serum obinutuzumab concentrations significantly increased after doses of 400/800 mg and higher (with steady state reached after cycle 4) compared with lower dose cohorts (50/100, 100/200, and 200/400 mg). 37 One of the differences between clinical development of obinutuzumb and rituximab is the dosing of these agents. Obinutuzumab has been mainly tested with fixed doses; however, rituximab is dosed based on body surface area (BSA). This difference raises concerns about pharmacokinetics variability in patients with low or high BSA as studies have shown that fixed rituximab dosing results in overdosing and underdosing patients with extreme BSAs, respectively. 38 This subject is controversial and still being studied in obinutuzumab trials. However, the structural and functional differences of these two mAbs limit their direct pharmacological comparison. 39 In the Phase II GAUGUIN trial, 40 patients with relapsed or refractory indolent B-cell lymphomas were randomized to one of two cohorts: the first group received a flat dose of 400 mg on days 1 and 8 of cycle 1 followed by 400 mg on day 1 of cycles 2-8 (400/400 mg). 40 Patients in the second group received obinutuzumb 1600 mg on days 1 and 8 of cycle 1 and 800 mg on days 2-8 (1600/800 mg). 40 Obinutuzumab serum concentrations did not reach a steady state in the former arm, but trough levels increased to 300 μg/mL up to cycle 3 when the steady state was reached in the latter arm. This dose level was not associated with significantly increased AEs. To simplify the regimen for future studies, obinutuzumab 1000 mg for all cycles (days 1, 8, and 15 in cycle 1) was evaluated and found to have a similar pharmacokinetic profile as 1600/800 mg. 41 Obinutuzumab 1000 mg on days 1, 8, and 15 of cycle 1 and day 1 of following cycles has been favored in subsequent clinical trials. It could be suspected that increased exposure to treatment using this regimen could result in superior clinical outcomes of obinutuzumab compared to rituximab; however, this has not been demonstrated in studies. Based on this regimen, patients receive a total dose of 3000 mg during cycle 1 which is similar to 3200 mg received in the 1600/800 mg arm of GAUGIN Phase II.
Obinutuzumab as a single agent
The safety and clinical activities of obinutuzumab were evaluated in the multicenter Phase I GAUGUIN trial, which included heavily pretreated, relapsed, or refractory B-cell lymphoma patients (Table 1) . 37 A total of 21 patients with a median age of 64 years were enrolled and they received escalating doses of obinutuzumab monotherapy. Lymphoma subtypes included FL: 13; mantle cell lymphoma ( Waldenström macroglobulinemia: 1. Patients had received a median of five prior therapies; 95% had received prior rituximab, 45% were rituximab-refractory, and 29% had undergone a prior autologous stem cell transplant. FL patients were the only responding cohort with an ORR of 69% and 38% CRs, and no observed dose-response relationship. Obinutuzumab was well tolerated with the majority of toxicities being grade 1-2 IRRs. Considering that obinutuzumab was found to be safe and active at all dose levels, a Phase II GAUGUIN trial was conducted. 40 Of the total 40 patients, histologies included 34 FL, of which 80% had intermediate or high Follicular Lymphoma International Prognostic Index (FLIPI) scores. They had received a median of three prior treatments (two rituximab treatments) and 55% were rituximab-refractory. The ORR was 55% in the 1600/800 mg group (9% CR). In the FL patients, the ORR was 50% (10 of 20 patients) in the 1600/800 mg group, and 21% (3 of 14 patients) in the 400/400 mg group. The ORRs in rituximabrefractory patients were 8% in the 400/400 mg group and 50% in the 1600/800 mg group. After a median observation time of 33.7 months, the median PFS in all histologies were 11.9 and 6 months in the 1600/800 and 400/400 mg groups, respectively. Obinutuzumab was well tolerated with few grade 3-4 AEs which were more common in the 1600/800 mg arm, and all were manageable.
GAUSS was the first Phase I study to evaluate the safety, tolerability, and pharmacokinetics of obinutuzumab induction followed by 2 years of maintenance. 42 Histologies included 10 FL, 5 CLL, 2 SLL, 3 DLBCL, 1 MCL, and 1 transformed lymphoma. Patients had received a median of four prior therapies including 86% with prior rituximab (68% refractory) and three had a prior autologous stem cell transplantation (ASCT). Obinutuzumab induction was given at a dose range of 200-2000 mg once weekly for 4 weeks. After the completion of induction, eight patients who had not progressed (36%, five with PR and three with SD and clinical benefit) continued to receive obinutuzumab as maintenance therapy. The best ORR among all histologies was 32% (7/22), with one (4.5%) CR, and rituximab-refractory patients achieved an ORR of 15% (2/13; 1 CR, 1 PR). Four of seven responses lasted more than a year, with three patients having an ongoing response at the time of analysis (duration of response from 3 to 21.1 months). In FL patients, the ORR was 40% (4/10), including one CR.
The Phase II of the GAUSS trial did not produce encouraging results. This study compared obinutuzumab with rituximab in a larger group of 175 patients with relapsed iNHLs (149 with FL) who required treatment. 43 Patients had received a median of two prior treatments and only 10% were rituximab-refractory. They were randomized to four weekly infusions of either obinutuzumab (1000 mg) or rituximab (375 mg/m 2 ) followed by obinutuzumab or rituximab maintenance every 2 months for up to 2 years in patients without evidence of disease progression. At the end of induction (EOI), ORR was higher in obinutuzumab arm compared to rituximab (45% vs 27%; p=0.01), but with no difference in CR rates (5.4% vs 4.0%, p=0.34 in obinutuzumab vs rituximab arm, respectively). At a median follow-up period of 32 months, the 2-year PFS was similar at 46% and 50% for obinutuzumab and rituximab arms, respectively. A similar incidence of most toxicities was reported in both arms; however, cough and IRRs were more frequent in the obinutuzumab arm. 
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Obinutuzumab combination therapies Early phases
The Phase Ib multicenter GAUDI trial included 56 patients with relapsed, refractory FL to evaluate the safety and activity of induction with two doses of obinutuzumab (400/400 mg or 1600/800 mg) combined with CHOP (G-CHOP) or fludarabine and cyclophosphamide (FC). 44 These patients had received one to six prior treatments. EOI ORR was higher with G-CHOP 1600/800 mg at 100% (64% CR) compared to G-CHOP 400/400 mg which was 93% (14% CR). Interestingly, the ORR was higher in the 400/400 mg G-FC arm (100%, 79% CR) compared to G-FC 1600/800 mg (86%, 21% CR). This finding was believed to reflect differences in tumor burden. All rituximab-refractory patients responded to treatment. The Phase I GAUDI study was amended to compare the safety of G-CHOP with G-B in a subset of 81 previously untreated patients with FL. 45 Forty-one patients were enrolled in the G-B group and 40 in the G-CHOP group. Patients received obinutuzumab (1000 mg on days 1 and 8 of cycle 1 and day 1 of subsequent cycles) plus B (90 mg/m 2 , four to six cycles every 4 weeks, on days 2 and 3 of cycle 1 and days 1 and 2 of subsequent cycles) or CHOP (six to eight cycles every 3 weeks). Patients in CR at the EOI were continued on maintenance with G 1000 mg every 3 months for 2 years or until disease progression. During induction, 85% of patients in the G-B group received six cycles and 33% of patients in G-CHOP completed the maximum eight cycles (95% received six cycles). At the end of treatment, ORR was 93% in the G-B group and 95% in the G-CHOP group. CR defined by CT was reported as 37% in G-B group and 35% with G-CHOP. This rate increased at 30 months (63% in G-B and 58% in G-CHOP). PFS at 36 months was higher in G-B cohort (90%) compared to G-CHOP (84%). Two patients died due to progression of disease in G-CHOP cohort compared to one in G-B. Both regimens were well tolerated with the most commonly reported toxicities being IRR (5% grade 3-4 in G-CHOP, 10% grade 3-4 in G-B). One patient in the G-CHOP group had to discontinue induction due to an IRR. This study demonstrated the promising efficacy and safety of obinutuzumab in the front-line treatment setting of patients with FL and instigated other combination trials of obinutuzumab with different chemotherapy agents.
The GALEN trial was a Phase Ib study of combination of obinutuzumab with lenalidomide in (Celgene Corporation, Summit, NJ, USA) 19 patients with relapsed, refractory FL. 46 The median age of patients was 64 years; median number of prior treatments was two and eight patients had rituximab-refractory disease. Patients received escalating doses of lenalidomide (10, 15, 20 , and 25 mg) with sequential administrations of obinutuzumab 1000 mg for six cycles. The results of this chemotherapy-free regimen were encouraging with an ORR of 68% and a CR of 53%; however, grade 3-4 neutropenia was reported in 40% of the patients. A 20 mg dose of lenalidomide was recommended for subsequent trials and Phase II of this study in relapsed, refractory follicular and aggressive B-cell lymphomas is ongoing (NCT01582776). Based on studies demonstrating activity of the combination of lenalidomide and rituximab in patients with untreated iNHL, another similar study was designed. 47, 48 Lenalidomide (10, 15, and 20 mg) was given on days 2-22 of a 28-day cycle and obinutuzumab was administered at a flat dose (1000 mg IV) on days 1, 8, 15, and 22 of cycle 1 and day 1 of subsequent cycles. Fifteen patients were enrolled, 14 of which had FL; 21% had low, 29% had intermediate, and 50% had high FLIPI scores. The ORR was 93% and CR was 27%. Twenty percent and 13% of patients in this study experienced grade 3-4 neutropenia and infections, respectively, but no patients were withdrawn from the study as a result. The combination of lenalidomide 20 mg and obinutuzumab 1000 mg was determined to be safe and toxicities were manageable. A Phase II of this trial is ongoing (NCT01995669).
Polatuzumab vedotin (Genentech, Inc.) is an antibody drug conjugate (ADC) which targets CD79b, a transmembrane component of the B-cell receptor. 49 When combined with B and obinutuzumab in a Phase Ib/II study of relapsed/ refractory FL, it produced encouraging results with an ORR of 100% (CR 83%). However, only six patients were enrolled in this cohort; thus, a larger sample size is needed to better evaluate this combination. The most common grade 3-4 AE was neutropenia in 33% of the patients. Duration of responses had not been reported as the study is still ongoing.
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Phase III studies
Based on data from early phase combination therapies with obinutuzumab, a series of Phase III clinical trials were conducted (Table 2) . 51, 52 The GADOLIN study was a multicenter, randomized Phase III trial that compared the efficacy and safety of obinutuzumab plus B with B monotherapy in patients with rituximab-refractory iNHL. 51 Rituximabrefractory was defined as failure to respond to, or progression during or within, 6 months of the last rituximab dose. 
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Sarraf Yazdy and Cheson in 28 days cycles. Following induction, patients in the G-B arm without evidence of progression received obinutuzumab maintenance, 1000 mg every 2 months for 2 years or until disease progression. A higher incidence of grade ≥3 AEs was reported in G-B arm compared to B arm (72.5% vs 65.5%) which included neutropenia (34.8% vs 27.1%) and IRRs (9.3% vs 3%). However, grade ≥3 thrombocytopenia (10.8% in G-B vs 15.8% in B) and anemia (7.4% in G-B vs 10.8% in B) were more common in the B alone group. Furthermore, serious AEs were more frequent in the G-B arm (43.6% vs 36.9%). Safety results in FL cohort were similar to all iNHL patients.
CR and ORR were similar between the arms. However, in the FL cohort (n=321), the addition of obinutuzumab induced a longer median PFS (25 vs 14 53 Quality of life analysis also favored the G-B arm. 54 The GALLIUM study is a Phase III trial in 1202 previously untreated advanced FL patients. 52 Patients were randomized either to rituximab 375 mg/m 2 (day 1 of each cycle) or obinutuzumab (1000 mg on days 1, 8, and 15 of cycle 1 and day 1 of subsequent cycles) for either six to eight 21-day cycles (CHOP and cyclophosphamide, vincristine, prednisone [CVP]) or six 28-day cycles (B). Patients with a CR or PR at the EOI received rituximab or obinutuzumab every 2 months for 2 years or until disease progression, per induction arm. Obinutuzumab and rituximab produced an ORR of 89% and 87%, respectively (CR rates of 20% and 24%, respectively). However, with a median follow-up of 34.5 months, a significantly higher 3-year PFS of 80 months was reported in the obinutuzumab arm, compared to 73 months in rituximab arm (p=0.0012), but with no difference in overall survival (p=0.21). Moreover, all toxicities were greater with G than R. Abbreviations: B, bendamustine; C, cycle(s); CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; CR, complete response; CVP, cyclophosphamide, vincristine, prednisone; D, day(s); FL, follicular lymphoma; G, obinutuzumab; iNHL, indolent non-Hodgkin lymphoma; ORR, overall response rate; OS overall survival; PD, progression of disease; PFS, progression-free survival; PR, partial response; R, rituximab; R-R, rituximab refractory.
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Obinutuzumab for follicular lymphoma Serious AEs were more frequent in all obinutuzumabchemotherapy groups, but fatal AEs and events causing discontinuation of treatment were similar. Rates of neutropenia and febrile neutropenia were higher in G-CHOP compared to GB group (71% vs 30% and 11% vs 5%, respectively); whereas grade 3-5 infections, fatal AEs, and secondary malignancies occurred more frequently in patients treated with GB (26% vs 12%, 6% vs 2%, and 11% vs 5%, respectively). Rates of grade 3-5 infections were similar in G and R arms in CHOP and CVP cohorts. 55 This observation is unexplained as it has not been made in other trials.
56,57
Toxicities
Infusion-related reactions
IRRs have been the most reported toxicity in all obinutuzumab clinical trials, occurring in up to 86% of the patients, a higher frequency than encountered with rituximab. 37, 40, [42] [43] [44] 51, 52, 59 These reactions, including dyspnea, tachypnea, hypotension, hypertension, flushing, tachycardia, and chills are mostly grade 1-2 and generally occur during the first infusion. IRRs can be managed by premedication with acetaminophen, antihistamine, and steroids, and with slowing or stopping the first infusion, if needed. Safety analysis for the entire treatment course in Phase II GAUSS revealed a higher rate of IRRs (all grades: 74% vs 51%, grade 3-4: 11% vs 5%) and cough (24% vs 9%) in the obinutuzumab arm. 43 Moreover, patients on the obinutuzumab arm of GALLIUM study demonstrated a higher frequency of grade 3-4 IRRs as well (6.7% in obinutuzumab arm vs 3.7% in rituximab arm). 52 It was hypothesized that the increase in IRRs, especially during the first infusion, was due to cytokine release as it was noted that peak levels of IL-6, IL-8, IL-10, TNF-α, and interferon-gamma were significantly higher during the first infusion of obinutuzumab compared with rituximab. Levels returned to baseline and did not increase in subsequent infusions.
Hematological toxicities
Neutropenia is one of the most common hematological AEs in patients treated with obinutuzumab. 37, 40, [42] [43] [44] 51, 52, 59 This toxicity can present as early onset grade 3-4 neutropenia, late or prolonged neutropenia. Delayed onset neutropenia is a known toxicity of treatment with rituximab occurring in 8%-25% of patients. [60] [61] [62] Maturation arrest, changes in stromal-derived factor-1 (SDF01) inhibiting neutrophils from leaving the bone marrow and FCgammaR3A polymorphisms are proposed mechanisms of this rituximab complication. It is likely that similar mechanisms could play roles in obinutuzumab-related neutropenia.
In final analysis of the GAUSS study, patients with relapsed iNHL treated with obinutuzumab and rituximab developed similar rates of grade 3-4 neutropenia (3% vs 6%, respectively). 43 In this study, patients had an history of up to five prior regimens with rituximab which may predispose patients to recurrent episodes of neutropenia. 60 In the GALLIUM study, a higher incidence of neutropenia was reported in previously untreated FL patients treated with obinutuzumab-based chemotherapy compared to rituximabbased chemotherapy (44% vs 38%). 52 Studies are ongoing to investigate the incidence and etiology of neutropenia. Administration of granulocyte colonystimulating factor (G-CSF) should be considered in patients with symptomatic grade 3-4 neutropenia.
Thrombocytopenia has also been reported as a toxicity of obinutuzumab and is usually managed by dose delays or, if needed, platelet transfusion. The GALLIUM study demonstrated a low rate of grade 3-4 thrombocytopenia in both obinutuzumab and rituximab arms (6% vs 3%, respectively).
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Other adverse events
Obinutuzumab can result in reactivation of hepatitis B virus, resulting in fulminant hepatitis and death similar to other anti-CD20-directed mAbs; hence patients should be screened prior to treatment. 63 Rare cases of progressive multifocal leukoencephalopathy and disseminated enteroviral infections in patients treated with obinutuzumab have been reported. 64, 65 
Conclusion and future perspectives
Management of FL remains challenging. Despite high response rates to standard chemoimmunotherapy, patients typically relapse. In recent years, clinical research has focused on discovering novel treatments that result in durable responses with minimum toxicity (Table 3) . Obinutuzumab offers the potential for improved outcome. However, how best to integrate this antibody into treatment paradigms remains to be determined. While the GADOLIN trial demonstrated prolonged survival using obinutuzumab in rituximabrefractory FL, the GALLIUM study demonstrated benefit in the up-front setting with respect to PFS, but not OS. Thus, it remains to be seen how likely the GALLIUM regimen will be adopted in practice. A next step could be to incorporate obinutuzumab with novel agents. For example, the Phase II GALEN study as well as a similar study at MD Anderson are investigating the chemotherapy-free combination of 
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Sarraf Yazdy and Cheson obinutuzumab and lenalidomide in front-line and relapsed, refractory settings. (NCT01582776, NCT01995669) These trials were designed based on the successful results of two studies with rituximab and lenalidomide doublet in untreated patients with FL demonstrating ORRs >90% and CR rates >70%. 47, 66 Results of the Phase III RELEVANCE study of this combination vs chemoimmunotherapy in the front-line setting are pending (NCT01650701).
With the goal of limiting cytotoxic chemotherapy or increasing the efficacy of standard chemotherapy regimens, combination of obinutuzumab with immunomodulators and immunotherapy agents such as programmed cell death-ligand 1 (PD-1/PDL-1) inhibitors are also attractive regimens for clinical trials. Atezolizumab is a humanized mAb immune checkpoint inhibitor that inhibits binding of PD-L1 to PD-1 and B7-1, thereby preventing the inhibition of antitumor activity of T-cells, and has been approved in the treatment of advanced urothelial carcinoma and non-small cell lung cancer. 67, 68 A promising international Phase Ib/II study of atezolizumab in combination with either obinutuzumab plus B or obinutuzumab plus CHOP in patients with FL (untreated or relapsed/refractory) is currently recruiting patients (NCT02596971). Another multicenter global trial is investigating the safety and efficacy of combining obinutuzumab with atezolizumab, without chemotherapy, in relapsed, refractory FL patients (NCT02220842).
Another challenge for obinutuzumab is the availability of anti-CD20 biosimilars and subcutaneous rituximab, which was recently approved by FDA for the treatment of patients with previously untreated and relapsed or refractory FL, DLBCL, and CLL after it was demonstrated to be non-inferior to intravenous rituximab in a randomized trial. [69] [70] [71] [72] [73] The subcutaneous form of rituximab will significantly improve patients' convenience and use of health-care resources.
Based on recent studies showing the relationship of early relapse of FL with decreased survival, prompt initiation of more effective second-line treatment regimens with novel combinations with agents such as obinutuzumb in this group of patients should be emphasized. High-throughput screening experiment on drug combinations is being investigated as one of the novel methods to discover the most synergistic drug combinations on cell lines. 74 A US trial is being planned for patients who have failed bendamustine (Teva Pharmaceutical Industries, Petah Tikva, Israel)-based induction regimens. Patients would be randomized to one of three arms: O-CHOP, O-idelalisib, and O-lenalidomide. A variety of correlative studies would be performed to identify molecular and genetic features associated with patient outcome. More accurate clinical predictive methods could identify poor-risk patients at baseline. Use of riskadapted studies and predictive measures such as m7-FLIPI and metabolic tumor volume (MTV) prior to starting treatment could help identify patients at high risk for early progression. 75, 76 Furthermore, by monitoring interim MRD and positron emission tomography-computed tomography (PET-CT) scan results, patients with a likelihood of early relapse could be detected promptly which guide clinicians in initiating new treatment regimens immediately after treatment failure. 77 The future landscape of treatment for FL is very encouraging. Focusing on identifying biomarkers and optimizing chemotherapy-free combinations will hopefully lead to a 
